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nompA Encodes a PNS-Specific, ZP
Domain Protein Required to Connect
Mechanosensory Dendrites to Sensory Structures
1989; Du et al., 1996) and an ion channel with an extracel-
lular regulatory domain (Garcia-An˜overos et al., 1995).
Drosophila mutations with defects in mechanosen-
sory behavior and electrophysiology (Kernan et al., 1994)
identify gene products that may be involved in mechano-
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Stony Brook, New York 11794 transduction. Drosophila type I mechanosensory organs
or sensilla include external sensory (es) organs such
as bristles and internal chordotonal (ch) organs. Each
sensillum includes one or more ciliated sensory neurons
Summary and three support cells that construct specialized ac-
cessory structures. Mutations in several no mechano-
Mutations in the no-mechanoreceptor-potential A receptor potential (nomp) genes disrupt transduction of
(nompA) gene, which eliminate transduction in Dro- tactile, proprioceptive, and auditory stimuli, resulting in
sophila mechanosensory organs, disrupt contacts be- mutant flies that are touch insensitive, uncoordinated,
tween neuronal sensory endings and cuticular struc- and deaf (Kernan et al., 1994; Eberl et al., 2000). The
tures. nompA encodes a transmembrane protein with nompC gene encodes an ion channel subunit related to
a large, modular extracellular segment that includes the TRP-family channels. It is expressed in type I sense
a zona pellucida (ZP) domain and several plasminogen organs and mediates the major component of the bristle
N-terminal (PAN) modules. It is specifically expressed mechanoreceptor current (Walker et al., 2000). Here, we
in type I sense organs of the peripheral nervous system report the cloning and localization of the nompA gene
by the support cells that ensheath the neuronal sen- product, a large transmembrane protein produced by
sory process. A green fluorescent protein (GFP)- the support cell that ensheaths the neuronal sensory
NompA fusion protein is localized to the dendritic cap, process. NompA has a modular architecture typical of ZP-
an extracellular matrix that covers the ciliary outer domain proteins, fibril-forming components of several
segment of the sensory process and that shows orga- specialized extracellular matrices. A distinctive morpho-
nizational defects in nompA mutants. The structure logical phenotype of nompA mutants—disconnection
and location of NompA suggest that it forms part of of neuronal sensory processes from cuticular sensory
a mechanical linkage required to transmit mechanical structures—suggests that the protein normally con-
stimuli to the transduction apparatus. structs or constitutes a mechanical linkage required for
transduction. In support of this hypothesis, we show
that the NompA extracellular domain is localized specifi-Introduction
cally to the dendritic cap, an extracellular matrix that
connects the sensory process to external structures.Our perception of sound, touch, or acceleration, or the
movement of our limbs, requires that mechanical energy
be transduced into a change in neuronal membrane Results
potential. This happens when mechanical stimuli im-
pinge on sense organs with specialized extracellular A Morphological Defect in nompA Mutant Sensilla
A type I mechanosensory organ includes three supportstructures that conduct the stimulus energy to the sites
of transduction. For instance, specialized extracellular cells and one or more neurons, each with a single, apical
sensory process (Hartenstein and Posakony, 1989; Janmatrices—the cupulae and the tectorial and otolithic
membranes—in the chambers of the vertebrate inner and Jan, 1993; Gho et al., 1999). The distal or outer
segment of the sensory process, the probable site ofear transmit mechanical stimuli to the sensory hair cells.
Several current models of mechanosensory transduc- transduction (Thurm, 1964), is a modified cilium. In es
organs such as mechanosensory bristles (Figure 1A),tion invoke a direct mechanical link between an ion
channel and extracellular structures. Fibers linking the the three support cells wrap concentrically around the
sensory process. The two outer support cells constructtips of the bundled microvilli in vertebrate hair cells are
identified with the gating springs that open the ion chan- the cuticular bristle socket and shaft and, in a mature
organ, generate the receptor lymph and transepithelialnels upon deflection of the hair bundle (Hudspeth, 1989;
reviewed by Hudspeth, 1997). In nematodes, sensitivity potential that are the ion source and driving force, re-
spectively, for the receptor current (Thurm and Kuppers,to touch requires a transcellular complex of extracellu-
lar, integral membrane, and cytoskeletal elements (re- 1980). The innermost support cell, the thecogen or
sheath cell, is penetrated by the sensory process, formsviewed by Tavernarakis and Driscoll, 1997). The complex
includes extracellular matrix proteins (Chalfie and Au, a tubular extension around it, and produces the extra-
cellular dendritic cap or sheath that covers its tip
(Hartenstein, 1988; Keil, 1997). In ch organs (Figure 1B),
‡ To whom correspondence should be addressed (e-mail: mkernan@ the sensory cilium is enclosed by the scolopale, a re-
notes.cc.sunysb.edu).
inforced cavity inside the scolopale cell. Like the theco-§ Present address: Graduate Program in Medical Information Sci-
gen, the scolopale cell secretes a dendritic cap, whichence, University of California at San Francisco, San Francisco, Cali-
fornia 94143. in ch organs connects the apical tip of the cilium to an
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Figure 1. Schematic Drawing of Two Type I
Sensory Organs of Drosophila
(A) Mechanosensory bristle, an external sen-
sory organ.
(B) Chordotonal organ.
attachment cell or to an attachment site on the cuticle (data not shown). In particular, the long dendritic exten-
sions of the dorsal es organs appear intact, and the(Uga and Kuwabara, 1965; Shanbhag et al., 1992).
In nompA mutant bristles, the external bristle shaft ciliary sensory outer segments of the ch organs remain
in their normal positions inside the scolopales.and socket appear normal, and transepithelial potentials
are in the wild-type range (Kernan et al., 1994), implying To see whether a similar defect was found in unfixed
tissue, we expressed green fluorescent protein (GFP) inthat nompA does not affect specification or differentia-
tion of the outer support cells. To investigate sensory sensory neurons and examined campaniform sensilla
on the third wing vein (Figures 2D and 2G). These sensillaneuron differentiation, we immunostained neurons in
pharate adult sensory bristles. In wild-type flies, the have a similar cellular organization to bristles, with a
dome instead of the bristle shaft. Gaps between thebase of each bristle is contacted by the apical process
of one neuron (Figure 2A). In nompA mutants, sensory neuronal sensory process and the socket and dome
were observed in 35 of 47 mutant sensilla in nompAneurons are present and associated with each bristle,
but in many instances, the tips of their processes are mutant wings but not in 49 wild-type sensilla. Axonal
projections are still present and apparently normal indetached from the bristle bases; some of the detached
processes are bent, curled, or club shaped (Figures 2B the mutant wings. Because type I sensory neurons and
support cells differentiate in close apposition to oneand 2C). In embryos of the same mutant genotype, the
immunostained PNS appears normal in morphology another (Hartenstein, 1988), the separation between
Figure 2. Contacts between Sensory Den-
drites and Cuticular Structures Are Disrupted
in nompA Mutants
(A–C) Bristles in pharate adult abdominal seg-
ments fixed and immunostained with anti-
horseradish peroxidase. In wild-type flies (A),
each bristle is contacted by the sensory pro-
cess of a single neuron. In nompA mutants
(nompA1/nompA2 transheterozygotes, [B, C]),
each bristle is still associated with a neuron,
but in most cases, the contact between them
is disrupted. In some mutant bristles, no gaps
are evident (arrowhead).
(D–G) Epifluorescence (D and E) or combined
epifluorescence/brightfield (F and G) images
of campaniform sensilla in freshly cut adult
wings. (D and F) nompA/Cy. (E and G)
nompA1/nompA2. Neurons were visualized by
placing cytoplasmic GFP under the control
of the MJ94 GAL4 insertion, which is ex-
pressed in many sensory neurons. In wild-
type sensilla, the tip of the sensory neuron
(white arrowhead) is visible under the dome
(red arrowhead); in most nompA mutant sen-
silla it is retracted into the wing vein. The
dendrite tip morphology is otherwise normal
in mutant sensilla.
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Figure 3. nompA Cloning and Transgene Rescue
(A) Map of part of the 47E8-F1 region. Shaded boxes indicate known and predicted genes. The endpoint of the deletion Df(2R)27 was
located by Southern blot hybridization. Transposase-induced recombination located nompA distal to the insertion P{lacW}Fppsk06103. A B104
retrotransposon insertion on the noncomplementing Df(2R)vg135 chromosome identified a candidate nompA transcription unit. A 10.2 kb
HindIII(H)-Sma1(S)-BamH1(B) genomic construct (“rescue fragment”) was used for transgenic rescue.
(B) Rescue of locomotor defects. Video images of active nompA1/nompA2 flies; the lower fly carries a single copy of the P{nompA1} transgene.
All nompA mutants are severely uncoordinated with characteristic leg crossing and upheld wings; this phenotype is effectively lethal in normal
culture. A single copy of the P{nompA1} insert restores normal coordination and viability in all transgenic flies.
(C) Mechanically evoked changes in transepithelial potential (TEP) recorded from single thoracic macrochaete bristles in wild-type, mutant,
and transgenic flies. nompA mutants invariably show no change in TEP in response to a 0.5 s, 10 mm deflection (upper trace). A single copy
of the P{nompA1} insert restored a wild-type response in 15 of 18 bristles tested.
(D) Recordings of compound potentials evoked in the antennal chordotonal organ by pulsed sound stimuli (upper trace). Sound-evoked
potentials are completely absent in nompA mutants but are restored in flies carrying a nompA1 transgene.
(E) Structure of the nompA transcript, derived from overlapping PCR products amplified from adult cDNA. The transcription start site of the
gene is uncertain. The predicted open reading frame, beginning with the first in-frame ATG, is shaded. A variant RT-PCR product indicated
an alternate splice site within the 18th exon, yielding a transcript that is shorter by 62 nucleotides. The same acceptor site is used, but the
short and long forms have different predicted reading frames in exon 19.
neuron and sensory structures is unlikely to be due to end of the noncomplementing deletion Df(2R)27. The
site of the deletion breakpoint was determined by South-a pathfinding defect. It could result from a defect in
differentiation of the neuronal sensory process or the ern blot hybridization, locating part or all of nompA
within a 17 kb interval of sequenced genomic DNA (Fig-support cells or in the interaction between them.
ure 3A). The chromosome In1Df(2R)vg135, which fails
to complement nompA but has no cytological break-Identification and Cloning of nompA
Genetic mapping, deficiency complementation tests, points in 47F1-5, was found to carry a 7 kb B104 retro-
transposon inserted within the largest of four predictedand P element-induced male recombination (Chen et al.,
1998) experiments placed nompA at cytogenetic interval transcription units in the nompA interval. A 10.2 kb frag-
ment of wild-type genomic DNA that includes this tran-47F1-5 on the second chromosome. The limiting mark-
ers were a P element insert in l(2)k06103 and the distal scription unit rescued the behavioral (Figure 3B) and
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Figure 4. Predicted NompA Protein Sequence and Domain Structure
(A) The complete amino acid sequence encoded by the longer transcript, with the C-terminal 49 amino acids of the short form below: the
sequence that differs from the long form is in italic. The predicted signal peptide (residues 1–21) and transmembrane region (1379–1400) are
shown in white on black. Dots indicate potential N-linked glycosylation sites. The nompA1 (R621*) and nompA2 (L650*) mutations are boxed.
Another polymorphism, P597L, was associated with both nompA mutations and the nompA1 cn bw chromosome from which they were
derived.
(B) Schematic showing the modular organization of NompA and predicted Drosophila proteins with similar architecture, as identified by BLAST
searches and the SMART module identification programs (Schultz et al., 1998).
(C) Western blots of extracts from adult flies and from midpupae, probed with a polyclonal antiserum to a segment of the NompA extracellular
domain (indicated as “antigen” in [B]). A 140 kDa protein is detected in nompA1/Cy heterozygote adults, but not in nompA1/nompA2 mutants.
A GFP-NompA fusion protein, expressed in mutants, shows a shift in molecular weight. Expression in pupae begins in stage P6 (25–46 hr
after pupariation).
(D) Multiple sequence alignment of the five NompA PAN domains with the N-terminal of hepatocyte growth factor (HGF; accession P26927).
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electrophysiological nompA defects (Figures 3C and 3D) kDa protein in reducing extracts from pupae and adult
flies but not in nompA mutants (Figure 4C). This is smallerin germline transformants. Finally, two nompA mutant
chromosomes were found to carry single base pair than the size of the transmembrane protein (173 kDa
after signal peptide processing) but corresponds to thechanges that created nonsense codons in the middle
of the predicted open reading frame (Figure 3E). size of the predicted extracellular cleavage product (142
kDa). Treatment with peptide-N-glycosidase F did notNo nompA cDNA sequences were found in Drosoph-
ila-expressed sequence tag (EST) databases or in a sen- detectably change the observed protein mobility (data
not shown). In extracts prepared in nonreducing condi-sory-enriched cDNA library; thus, we amplified and se-
tions, the protein showed a slight decrease in apparentquenced overlapping segments of the predicted transcript
size (data not shown), suggesting that a higher mobilityfrom total adult cDNA. The reconstructed transcript (Fig-
conformation is stabilized by intramolecular disulfideure 3E) is over 5 kb long, with an open reading frame
bonds.that extends through 19 exons. Although the transcrip-
ZP-domain proteins frequently include other modulestion start site has not been determined, the coding re-
distal to the ZP domain (Bork and Sander, 1992; Li andgion appears to be complete, as the first sequenced
Snyder, 1995; Legan et al., 1997). In NompA, the distalexon includes three in-frame stop codons preceding the
extracellular region includes five plasminogen N-termi-first ATG. Two forms of the 39 end of the transcript were
nal (PAN) modules (Tordai et al., 1999) that flank a low-found, which arise from alternate splice donor sites in
complexity middle region. PAN modules are identifiedthe 18th exon and are predicted to encode proteins of
primarily by two pairs of conserved cysteine residues,1557 and 1549 amino acids with different 25- and 17-
which form two disulfide bonds between an a helix and aamino acid C termini, respectively. Interestingly, the al-
five-stranded b sheet (Zhou et al., 1998). Two additionalternate isoforms end with the same residue pair (Glu-
flanking cysteines form a third disulfide bond in theVal-COOH), suggesting a possible conserved function of
“apple” domains of plasma prekallikrein and coagula-the C terminus. The predicted Drosophila gene CG13207
tion factor XI and are also conserved in several predicted(Adams, 2000) correctly matched all of the internal
nematode PAN module proteins (Tordai et al., 1999).nompA exons but predicted an additional, noncoding
The central four cysteine residues are conserved in allexon at the 59 end of the gene and differed from both
five NompA PAN modules and the two flanking cysteinesobserved splice forms at the 39 end.
in all except the fourth (Figure 4D). Comparing a second-
ary structure prediction based on the aligned NompA
Protein Structure modules with a known PAN module structure (hepato-
Amino acid content and sequence comparisons distin- cyte growth factor N-terminal) (Zhou et al., 1998) shows
guish distinct domains within the predicted NompA pro- that the characteristic a-helical and b-strand elements
tein (Figures 4A and 4B). An N-terminal signal peptide are likely to be conserved in the NompA modules (Figure
sequence and a second hydrophobic region at amino 5D). Insertions of up to 12 extra residues in the first
acids 1378–1400 predict a single-pass transmembrane and fifth modules occur at predicted loop positions;
orientation with a large extracellular region. Much of the insertions at these positions are also found in prekalli-
extracellular region is modular in structure. The module krein and factor XI. The 540-amino acid sequence be-
closest to the membrane is a zona pellucida (ZP) do- tween the fourth and fifth PAN modules is rich in proline,
main, a 260-amino acid region including eight conserved glycine, and tyrosine and also includes several runs of
cysteines (Bork and Sander, 1992). Although proteins up to ten strictly alternating basic and acidic residues.
containing ZP domains are typically synthesized as This sequence is unique to NompA, although low-com-
transmembrane or membrane-anchored proteins, they plexity and alternate charge domains were identified in
frequently function as soluble or extracellular matrix pro- a predicted Drosophila PAN domain protein, CG14748
teins (Bork and Sander, 1992; Li and Snyder, 1995). (Figure 4B).
Cleavage by a furin-type endoproteinase at a polybasic We identified several additional Drosophila predicted
motif (Hosaka et al., 1991) located between the ZP do- proteins (Figures 4B and 4E) that contain both PAN and
main and the membrane is thought to release the extra- ZP domains. One, SP71, is expressed in the embryonic
cellular domain from cell surfaces (Yurewicz et al., 1993). CNS and PNS and in differentiating eye discs (T. Serano,
NompA has a tetrabasic motif (RRRR) located just proxi- personal communication); their functions are otherwise
mal to the ZP domain (Figures 4A and 4B): Cleavage at unknown. Proteins that combine PAN and ZP modules
this site would yield a 1250-residue extracellular protein. have previously been described only in Caenorhabditis
A polyclonal antiserum raised against part of the NompA elegans (Tordai et al., 1999). Mutations affecting one,
let-653, cause lethality associated with cysts of the ex-extracellular domain (antigen) (Figure 4B) detects a 140
Completely conserved residues are shaded in black. Identities are in dark gray, and similarities are in light gray. Below is a secondary structure
prediction (PHDsec) from the aligned NompA PAN domains. A structure is indicated when the reliability score was five or greater, corresponding
to a 82% probability of a correct assignment. The HGF secondary structure, including seven b strands (zigzags) and an a helix ([H], cylinder),
is also shown.
(E) Tree based on a Clustal W multiple sequence alignment of the ZP domains from NompA, SP71 (AAF45388), four other predicted Drosophila
ZP-domain proteins (accessions: CG17111, AAF56092; CG7802, AAF56948; CG1499, AAF57159; CG12063, AAF57158), and other ZP domain
proteins referred to in the text. Let-653 (T19551) and Cut-1 (Q03755) are from C. elegans; a tectorin (AAC26019) is from human, and b tectorin
(CAA68139), ZP2 (P20239), and ZP3 (P10761) are from mouse. The NompA and CG17111 ZP domains show 26% amino acid identity and
40% similarity.
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Figure 5. nompA Expression in Sensory Cells
nompA antisense RNA probes were hybridized to embryos (A–E) or dissected pupae (F–J).
(A) Stage 16 embryo showing expression in only the peripheral nervous system. In (B), (D), and (E), embryos were counterimmunostained with
a-HRP for neuronal surface antigens and dissected open.
(B) Three abdominal hemisegments.
(C) Schematic of the peripheral neurons and support cells of a single abdominal hemisegment. nompA is expressed by a single support cell
in each type I sensory organ.
(D) Lateral chordotonal organ. nompA expression is seen just above the chordotonal neurons (bracket) in the scolopale cell body.
(E) Two v9 clusters, each with two monoinnervated and one doubly innervated es organs (black arrowheads) and four multidendritic neurons
(white arrowheads). Only three cells in each v9 cluster express nompA.
(F) Second and third antennal segments of a late pupa, showing strong nompA expression in the developing chordotonal organ (arrowhead).
A subset of sense organs in the third segment also expresses nompA.
(G) Pupal eye, showing expression at a single site per ommatidium.
(H and I) Abdominal tergite and bristles before cuticle deposition, seen in two different focal planes; differentiating bristles are visible in (I).
Two nompA-expressing cells are associated with each bristle; the larger (black arrowhead) at the bristle base is probably the socket cell, and
the smaller (white arrowhead) may be the thecogen.
(J) After cuticle secretion, only the smaller cell maintains a high level of nompA expression.
cretory canal (Jones and Baillie, 1995), possibly because neuronal antigens combined with in situ hybridization
show that nompA is transcribed not in the neuron butof a defect in renal epithelial cell polarity (Buechner et
al., 1999). Apart from the conserved residues that define in a single support cell in each sensillum. In ch organs,
the hybridization signal is located just apical to the neu-the ZP and PAN modules, there is no marked sequence
similarity that specifically groups NompA with any of ronal cell body, coincident with the scolopale cell body
(Figure 5D). The location of the nompA-transcribing cellthe other PAN-ZP or ZP proteins (Figure 4E).
in embryonic es organs is consistent with it being the
thecogen or sheath cell. No expression was observednompA Is Expressed by Type I Sensory
in type II multidendritic neurons (Figure 5E).Support Cells
Pharate adults show similar PNS-specific expression.nompA probes hybridized to whole embryos (Figure 5A)
In the antenna, nompA is strongly expressed in the audi-show it to be expressed in only type I sensilla of the
tory ch organ (Johnston’s organ) and in some cells inperipheral nervous system. Transcription begins at
the olfactory third segment (Figure 5F). A regular butstage 13 in differentiating ch organs. The hybridization
very restricted pattern is seen in the eye, consistent withsignal is strongest in the lateral ch organs, but all type I
expression in the interommatidial bristles (Figure 5G). Insensory organs in the thoracic and abdominal segments
the bristles of the abdominal tergites, nompA is initiallyare labeled by stage 16 (Figures 5B and 5C), as are many,
perhaps all, in the terminal segments. Immunostaining expressed in both the tormogen (socket cell) and a
Mechanosensory Matrix Protein
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Figure 6. Expression of GFP-NompA in Type I Sensilla
(A) Structure of the GFP-NompA gene and the encoded protein. An EGFP coding sequence was inserted in the genomic P{nompA1} construct,
between sequences encoding the signal peptide and the first PAN domain. The protein segment used to generate polyclonal antisera is
indicated.
(B–D) NompA-GFP expression in es organs of larvae and late pupae.
(B) Larval bristles and campaniform sensilla.
(C) Pupal abdominal bristles. A spot of GFP fluorescence (arrowheads) is associated with the base of each bristle (which also autofluoresces
green). In some bristles (filled arrowheads), labeled structures are detached from bristle bases.
(D) An array of campaniform sensilla on the haltere, in a combined epifluorescence/DIC image. (E) Anti-Prospero (red) labels nuclei of GFP-
NompA-expressing cells in embryo.
(F–H) GFP-NompA in dendritic caps of ch organs.
(F) A larval pentascolopidial ch organ showing labeling at the tip of each scolopale (sc).
(G) A pupal femoral chordotonal organ. (Inset) A combined epifluorescence/DIC image, showing labeling of the arrowhead-shaped dendritic
caps.
(H) Similar labeling of embryonic chordotonal organs by anti-NompA antiserum and GFP-NompA.
smaller cell (Figures 5H and 5I) but is transcribed in only pale or sheath cell (Moulins, 1976; Hartenstein, 1988;
Keil, 1997).the smaller cell by stage P12 (Figure 5J).
To determine the location of the NompA protein in
sensilla, we added a sequence encoding an enhancedNompA Is a Component of the Dendritic Cap
The thecogen and scolopale cells that express nompA GFP to the genomic nompA1 construct. GFP was in-
serted between the predicted signal peptide and theare the sister cells of the sensory neurons in es and
ch organs, respectively. In differentiating sensilla, these first PAN module so that signal peptide cleavage would
leave GFP located at the N-terminal of the extracellularcells are apposed to the apical end of the neuronal soma
and are penetrated by the elongating sensory process domain (Figure 6A). Western blots show the expressed
product as a 170 kDa protein (Figure 5C). Six indepen-(Hartenstein, 1988; Hartenstein and Posakony, 1989;
Carlson et al., 1997). In mature sensilla, they form a dent insertions of this construct show a GFP expression
pattern consistent with the nompA transcription pattern:tube that encloses all but the tip of the sensory process
(Merritt, 1997); in ch organs, the lumen is expanded Type I sense organs are labeled in larvae and pupae,
but no signal was associated with type II neurons nordistally and reinforced by the scolopale, a cylindrical or
fusiform cage of parallel intracellular cytoskeletal rods. with any structures outside of the PNS. The fluorescent
fusion protein is localized to a single structure associ-The dendritic cap that covers the tip of the sensory
process and connects it to the stimulating structures is ated with each external sensillum and to the apical tips
of the scolopales in ch organs (Figures 6B and 6G). Thean extracellular structure and is secreted by the scolo-
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Figure 7. Synthesis and Localization of GFP-NompA
(A–D) Confocal images of pupal sense organs showing neurons labeled with anti-HRP in red and GFP fluorescence in green. Filled arrowheads
indicate dendritic caps; open arrowheads indicate GFP-NompA in the thecogen cell bodies.
(A) Neurons innervating abdominal bristles. A GFP-labeled dendritic cap lies at the tip of each sensory process. (Inset) An epifluorescence
image in which cuticular structures autofluorescent yellow shows a dendritic cap at the base of each bristle.
(B) Chemosensory (c) and mechanosensory (m) sensilla of the anterior wing margin.
(C) Campaniform sensilla L3-2 and L3-3 on the third longitudinal wing vein.
(D) Scolopidia in Johnston’s organ. dc, dendritic caps; sb, scolopale cell bodies; sc, scolopale; nb, neuronal cell body. (Inset) The entire
Johnston’s organ.
(E and F) Labeling of distinct structures by anti-NompA (red) and MAb 21A6 (blue) in pupal bristles (E) and embryonic chordotonal organs (F).
Neurons in (E) are labeled with CD8-GFP (green).
(G) 21A6 labels “dot” structures (arrowheads) in a nompA1/nompA2 mutant. Neurons are labeled with a-HRP (green). Dotted ovals outline
bristle bases.
form and location of these structures identify them as scolopale cells are similarly outlined. The cellular label-
ing diminishes as differentiation progresses, suggestingthe dendritic sheaths or caps. Additional protein can
be seen in the cell bodies of strongly expressing cells, that the tagged protein is synthesized in the thecogen
or scolopale cell body, transported along its tubularparticularly in ch organs. Prospero protein in the nuclei
of the GFP-NompA-expressing cells (Figure 6E) identi- extension, and deposited in the dendritic cap at its tip.
In addition to the purely mechanosensory sensilla, somefies them as thecogen and scolopale cells (Manning and
Doe, 1999; Reddy and Rodrigues, 1999). The antiserum chemosensory or multimodal sensilla also express GFP-
NompA, including chemosensory bristles on the anteriorused to detect NompA on Western blots shows a label-
ing pattern similar to GFP-NompA in embryos express- wing margin (Figure 7B) and leg and a subset of the
olfactory bristles on the third antennal segment (dataing both the native and fusion proteins (Figure 6H),
showing that they are similarly expressed and localized. not shown). The labeled structure in chemosensory bris-
tles is longer than in purely mechanosensory bristles; itImmunostaining neuronal surface antigens in es or-
gans (Figures 7A–7C) demonstrates that the GFP- may surround the longer chemosensory cilia in these
organs.labeled structures are located at the tips of the neuronal
sensory processes. A more diffuse or particulate GFP The monoclonal antibody 21A6 (Zipursky et al., 1984;
Pollack, 1985) labels a “dot” structure at the tip of esfluorescence signal, adjacent and apical to the neuronal
cell body, outlines the thecogen cell body; in some dendrites and the scolopale in ch organs (Bodmer et
al., 1987; Hartenstein and Posakony, 1990). We find thatcases, the tubular extension that surrounds the sensory
process is also visible. In ch organs (Figure 7D), the the 21A6 antigen in both es and ch organs is distinct
Mechanosensory Matrix Protein
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from and proximal to the site of GFP-NompA localization
(Figures 7E and 7F). In es organs, it may be located on
the ciliary outer segment and/or the surrounding lumen,
a site that would be homologous to the scolopale in ch
organs (Merritt, 1997). Furthermore, the 21A6 antigen
is still present in nompA mutants, in which it remains
associated with the dendrite tip, and is detached from
the bristle base (Figure 7G).
Dendritic Cap Defects in nompA Mutants
Although the GFP-NompA fusion protein is localized
similarly to the native protein (as detected by anti-
NompA antiserum), the N-terminal GFP does interfere
with its function. Unlike the otherwise identical rescue
construct, the GFP-NompA fusion only partly rescued
the uncoordinated behavior of mutants and did not res-
cue the electrophysiological defects in tactile bristles
(data not shown). Even in a wild-type background, some
bristles showed separation of the GFP-labeled structure
from bristle bases (Figure 6C), suggesting that the addi-
tion of GFP to the N-terminal of NompA interferes with
adhesion of the dendritic cap to some cuticular struc-
tures.
To determine whether the dendritic cap forms in the
absence of NompA, we examined scolopidial ultrastruc-
ture in the antennal ch organ of wild-type and nompA
mutant flies. This auditory organ comprises a radial array
of many scolopidial units. Each scolopidium includes
two neurons, a scolopale, and an elongate, conical den-
dritic cap that encloses the apical tips of the two sensory
cilia (Figures 8A and 8D). In nompA mutants, the scolopi-
dial array was somewhat disorganized and was sepa-
rated from its apical attachment site on the joint between
antennal segments (data not shown). Individual scolopi-
dia had a normal scolopale and normal sensory ciliary
structures (Figures 8E and 8F) but showed defects in
the structure of the dendritic cap or its attachment to
the cilia. These ranged from caps that included only
one, or neither, of the two sensory cilia, to open or
missing caps (Figures 8G–8I). Thus, although dendritic
caps can still be produced in the absence of NompA, it
is required for normal cap organization and attachment
to cilia.
Discussion
The failure of mechanotransduction in nompA mutants
demonstrates the importance of the dendritic cap for
transmitting stimuli to the transducing apparatus in the
sensory neuron. A similar role is played by specialized
extracellular matrices in other mechanosensory organs,
including nematode touch receptors (Chalfie and Suls-
Figure 8. Defects in nompA Dendritic Capston, 1981; Du et al., 1996), and the vertebrate inner ear
(A) Cartoon of an antennal scolopidium in longitudinal and three(Legan et al., 1997, 2000; Simmler et al., 2000). In Dro-
cross-sections; ci, cilium; dc, dendritic cap; sr, scolopale rods.sophila, denditic caps connect sensory cilia to cuticular
(B–I) Sections of wild-type (A–D) and nompA 1/nompA2 (E–I) scolopi-structures or (in ch organs) to attachment cells and thus
dia. White arrowheads indicate cilia, and black arrowheads indicateinteract with surfaces that probably have different mo-
dendritic caps. In (B), scolopidia in an oriented array are sectioned
lecular constituents and affinities. They may also have at different levels, from proximal on the left to distal on the right.
special mechanical properties to promote transmission Dendritic caps enclose the distal tips of cilia. In nompA mutants,
scolopidial arrays are less organized. Cilia are still present (E andand filtering of mechanical stimuli. What does NompA
F), but dendritic caps are open (G) or fail to enclose one or bothcontribute to cap function? It is likely to play a structural
cilia (H and I).role as a dendritic cap component. It could also mediate
adhesion of the dendritic cap to cuticular or cellular
Neuron
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attachment sites or to the sensory cilium—either as the nascent protein, and that once incorporated into the
dendritic cap, NompA is indeed cross-linked and conse-direct, activating link to the transducing ion channels or
as a parallel “safety” link. The modular structure of the quently insoluble.
NompA protein and some aspects of the mutant pheno-
type suggest that it is likely to combine some of these PAN Modules and the Low-Complexity Domain
functions. PAN modules present potential binding sites for a variety
of ligands (Tordai et al., 1999). The hepatocyte growth
factor N-terminal domain binds heparin and is involvedZP Domains and Matrix Organization
in binding to the c-Met receptor (Sakata et al., 1997).The presence of disorganized dendritic caps or cap ma-
An apple domain in factor XI binds heparin and plateletterial in nompA mutants implies that NompA is not the
components; the platelet binding site comprises threesole cap component but that it is required to organize
loops between b-strand elements (Ho et al., 1998). Thecap structure. ZP-domain proteins are typically found
high degree of sequence divergence between the fivein gelatinous or fibrillar extracellular matrices, and the
NompA PAN modules, particularly in the predicted pro-ZP domain is thought to be the filament-forming module
truding loop regions, suggests that they probably have(Killick et al., 1995). Examples include the ZP proteins
different affinities and could enable the dendritic cap tofor which the domain is named (Wassarman, 1988); gel-
adhere to different attachment surfaces. The dominant-or filament-forming proteins secreted in urine (uromo-
negative effect of the N-terminal GFP tag on cap adhe-dulin) (Hession et al., 1987) and in pancreatic juices
sion to bristle bases suggests that the N-terminal PAN(GP2) (Fukuoka et al., 1991), and a noncollagen compo-
module may bind to cuticular structures and that thenent of the nematode cuticle (CUT-1) (Sebastiano et al.,
interacting site is occluded in the fusion protein. The1991).
low-complexity middle section of the extracellular do-The ZP domain of NompA is not particularly similar
main distinguishes NompA from other Drosophila andto any other specific ZP-domain protein. Its closest
Caenorhabditis PAN/ZP-domain proteins. Its high pro-functional analogs are a and b tectorin, ZP-domain pro-
line and glycine content yields low-scoring matches toteins of the vertebrate cochlea. The tectorins form fila-
collagen sequences, but it does not show a heptad re-mentous sheets in the tectorial membrane, a highly
peat pattern and is unlikely to have a coiled–coil struc-structured matrix that overlies the cochlear hair cells
ture. The significance of the runs of alternating acidicand participates in delivering mechanical stimuli to them
and basic residues is unclear. A similar sequence has(Legan et al., 1997). Missense mutations in the ZP (Ver-
been reported in the RD protein encoded in the humanhoeven et al., 1998) and entactin (Alloisio et al., 1999)
major histocompatibility class III complex (Cheng at al.,domains of human a tectorin cause dominant deafness,
1993), but that protein is nuclear and thus is probablywhereas a mutation that truncates the protein prior to
functionally unrelated to NompA. One predicted Dro-the ZP domain causes recessive deafness (Mustapha et
sophila PAN domain protein, CG14748, also includes aal., 1999). In mice, homozygosity for a targeted deletion
low-complexity region with an acid/base repeat. Thein a-tectorin results in greatly reduced levels of both
low-complexity region may adopt an extended confor-tectorins, loss of the specialized matrix structure, and
mation; other low-complexity protein sequences withdetachment of the tectorial membrane from the hair cells
similar amino acid content include domains in spider(Legan et al., 2000).
silk fibroins (Gosline et al., 1999) and in a componentNompA is typical of ZP-domain proteins in being syn-
of zebra mussel attachment threads, Dpfp1 (Andersonthesized initially as a transmembrane protein but is ulti-
and Waite, 1998; Anderson and Waite, 2000)—bothmately incorporated into a wholly extracellular structure.
strong, elastic structures. Proline-rich, low-complexityIt also shares a characteristic tetrabasic motif at which
repeats and linker sequences are also a feature ofproteinase cleavage could release the extracellular do-
Dumpy, a giant modular ZP-domain protein that ismain (Yurewicz et al., 1993; Legan et al., 1997). These
thought to maintain mechanical tension at muscle at-features may be required, as has been proposed for
tachment sites (Wilkin et al., 2000). The middle sectiontectorins and other ZP-domain proteins (Killick et al.,
of NompA may similarly contribute tensile properties for1995), for targeted transport and export from polarized
optimal transmission of mechanical stimuli.cells. In fact, NompA may require even more specific
targeting, as the thecogen and scolopale cells possess
several distinct membrane domains. The NompA cyto- A Function for NompA in Transduction?
Because the dendritic cap is interposed between exter-plasmic tail, which is the longest of any known ZP-
domain protein, may contain additional targeting signals nal stimulating structures and the sensory cilia where
transduction takes place, some cap component mustto deliver it to the apical tip. However, the absence
of full-length protein in Western blot extracts, even at interact with neuronally expressed component of the
transduction apparatus. The ultrastructural defects instages when the sense organs are first differentiating,
suggests that any C-terminal dependent targeting must mutant ch organs, in which dendritic caps and cilia are
both present but are sometimes unattached, suggestoccur very early in the secretory pathway. Covalent
cross-linking of ZP domain proteins in matrices such as that caps lacking NompA are defective in linking to cilia.
However, a demonstration that NompA interacts directlythe nematode cuticle (Sebastiano et al., 1991) or the
zona pellucida (Greve and Wassarman, 1985) is thought with the transduction apparatus will require identifica-
tion of the interacting ciliary proteins. One probableto contribute to matrix stability. This does not appear
to be the case for NompA, although it is possible that the transducer component has been identified: an ion chan-
nel subunit of the TRP family, which is encoded by the140 kDa protein detected on Western blots represents
Mechanosensory Matrix Protein
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binant chromosomes were analyzed. The P insertions P{PZ}shn04738,nompC gene (Walker et al., 2000). NompC is expressed
P{wE}8, and P{lacW}Fppsk06103 all yielded cn1 P nompA1 bw andin type I mechanosensory organs; null nompC mutations
cn P nompA1 bw1 recombinants and, therefore, lie proximal to theeliminate most of the bristle mechanoreceptor current,
nompA1 mutation; P{en-lacZ(wXba)}9 yielded cn1 nompA1 P bw and
and a nompC missense mutation alters current kinetics cn nompA1 P bw1 recombinants and is located distal to nompA.
(Walker et al., 2000). However, nompC null mutants do
not show gaps between neuronal processes and es Electrophysiological Recording
Bristle transepithelial potentials and mechanoreceptor potentialsstructures (our unpublished observations), implying that
were recorded with a saline-filled glass electrode placed over theNompC is not required for a mechanical connection
cut end of thoracic macrochaetes, as described in Kernan et al.between the dendritic cap and es neurons. NompC is
(1994); mechanical stimuli were generated by moving the electrodedistinguished by an unusually large number of N-termi-
and bristle with a piezoelectric microstage (Burleigh Instruments,
nal ankyrin repeats, suggestive of a strong cytoskeletal Fishers, NY). Sound-evoked potentials were recorded from the an-
association, but its predicted membrane topology expo- tennal nerve with tungsten electrodes inserted between the first and
second antennal segments and in the head capsule, as describedses only minimal extracellular loops. The link from the
by Eberl et al. (2000).cilium to the dendritic cap could perhaps be completed
by another component of the channel complex, with a
Molecular Mapping and Sequencinglarger extracellular domain. Interestingly, several of the
The breakpoints of rearrangement chromosomes were mapped byextracellular matrices that contain ZP-domain proteins
Southern blot hybridization to genomic DNA from balanced hetero-
are associated with or contacted by ciliated cells: Exam- zygous stocks. P element insertions were localized by isolating
ples in addition to the tectorial membrane and dendritic flanking genomic DNA by single fly inverse polymerase chain reac-
tion (PCR) (as described by Gloor and Engels, 1990) using the primercap include uromodulin, which is exposed to ciliated
sets described by the Drosophila Genome Project (http://www.cells lining kidney tubules, and the sperm binding ZP.
bdgp.org/p_disrupt/). The amplified PCR fragments were se-The concept of a ZP-domain matrix as the ligand for a
quenced directly by using BigDye Terminator Cycle Sequencingsignaling complex in cilia may have relevance beyond
Ready Reaction kit (PE Applied Biosystems, Foster City, CA). The
mechanosensation. B104 retrotransposon insertion in the In (2R)vg135 chromosome was
mapped by Southern blot hybridization and identified by sequencing
inverse PCR products amplified with primers derived from flankingImplications for Behavior
genomic DNA.Finally, the fact that nompA is expressed and functions
The predicted transcript sequence was reconstructed from ten
in only the peripheral nervous system establishes that overlapping reverse transcriptase (RT)-PCR products. Polyadeny-
the disabling uncoordination seen in nompA and other lated RNA was isolated from adult flies by using Dynabeads (Dynal,
Oslo, Norway) and reverse transcribed by SuperScript II reversenomp mutant flies (Kernan et al., 1994) can in fact result
transcriptase (GIBCO BRL, Grand Island, NY). To amplify and se-from a purely sensory defect and illustrates the impor-
quence nompA cDNA, ten pairs of primers, which include the entiretance of mechanosensory feedback for normal insect
predicted nompA open reading frame, were derived from predictedlocomotion. While the ability of central pattern genera-
exons. Each amplified segment spanned at least one predicted
tors to produce rhythmic motor neuron activity indepen- intron. An adult appendage cDNA library (a gift from C. Pikielny,
dent of sensory input is well established (Delcomyn, UMDNJ Medical School, New Brunswick, NJ) was also screened.
1980), it is now clear that proprioceptive information is
DNA Constructs and Transformationabsolutely required for locomotion by the adult fly. The
To construct a P{nompA1} transforming plasmid, BamHI-SmaI andgeneral mechanosensory and ch-specific mutations
SmaI-HindIII fragments comprising 10.2 kb of genomic DNA andprovide a noninvasive way to deafferentiate viable, intact
containing the entire nompA genomic region plus 2.5 kb upstreamanimals; restoration of sensory function to selected pro-
from the translation start site were ligated into the pPCaSpeR4
prioceptor classes by targeted nompA1 expression could vector (Thummel and Pirrotta, 1991). To construct the GFP-nompA
reveal their contributions to coordinated movement. fusion gene, the full-length open reading frame of enhanced GFP
(EGFP) (Clonetech, Palo Alto, CA) was amplified by PCR using prim-
ers that included HincII and BamHI restriction sites. The exon1/Experimental Procedures
intron1 boundary of the 10.2 kb genomic DNA construct was modi-
fied by PCR to create a SmaI site at the end of exon 1, and insertDrosophila Stocks, Culture, and Genetic Mapping
a BamHI site plus a duplication of the last 10 bases of exon 1, atThe nompA1 and nompA2 mutations are described by Kernan et
the beginning of intron 1. The HincII/BamHI digested EGFP cDNAal. (1994). The sensory neuron-specific GAL4 insertion MJ94 was
was inserted at the SmaI-BamHI sites, and the fusion construct wasobtained from M-L. Joiner & L. Griffith (Department of Biology, Bran-
inserted into the pPCaSpeR4 vector. The resulting encoded proteindeis University, Waltham, MA), and the Df(2R)27 stock was from C.
has inserted four residues from the signal peptide cleavage site, aGarret-Engele (Herrin Labs, Stanford University, Stanford, CA).
spacer sequence PNGGV, followed by the EGFP coding sequenceOther mutant and aberration stocks were obtained from the Dro-
minus its initiator methionine, and the duplicated exon 1 sequencesophila stock centers at Bloomington and Umea and from the Berke-
SKING. Germline transformation of a w1118 stock was carried out asley Drosophila Genome Project.
described by Rubin and Spradling (1982).Flies were reared on standard medium at 218C –258C. To recover
nompA mutants from heterozygous balanced stocks or crosses,
pupae and pharate adults were collected from culture vials and Protein Sequence Analyses
PAN and ZP domains were identified by inspection and by theenclosed on wet paper; nompA homozygotes or transheterozygotes
are identifiable by their behavioral phenotype and by homozygosity SMART module identification programs (Schultz et al., 1998). Pre-
dicted protein alignments and trees were generated using Clustalfor the linked markers cinnabar (cn) and brown (bw).
To map nompA relative to P insertions in the 47D-F region by P W (Thompson et al., 1994) and formatted with BOXSHADE and
DRAWTREE on the SDSC Biology Workbench server (http://workbench.element-induced recombination, male flies of the genotype w/Y; cn
nompA1 bw/P cn1 nompA1 bw1; Sb P{D2-3}99B/1 were crossed sdsc.edu/). The Gonnet scoring matrices and other default settings
were used for Clustal W. Secondary structure predictions were per-to Sp cn bw/SM6B Cy cn bw Roi females. cn1 bw and cn bw1
recombinants were recovered at a frequency of about 0.1% and were formed by the PHDsec program (Rost and Sander, 1993; Rost and
Sander, 1994) on the Predict Protein server (Rost, 1996).crossed to w; Sp cn nompA2/SM6B Cy cn bw Roi flies. Thirteen recom-
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Antibody Generation and Western Blots acetate and lead citrate, and imaged using a JEM-1200EX electron
microscope (80 KV).A cDNA fragment of nompA encoding NompA residues 451–592
was amplified by RT-PCR and subcloned into pGEX4T-3 (Pharmacia
Biotech, Quebec, Canada). Recombinant glutathione S-transferase- Acknowledgments
tagged fusion protein was expressed in E. coli DH5a cells and puri-
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1:500 dilution was used as secondary antibody. Camp, G., Plauchu, H., Muller, P., Collet, L., and Lina-Granade, G.
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pressing GFP-NompA or CD8::GFP were dissected in 10 mM sodium associated with autosomal dominant non-syndromic hearing loss.
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the cuticles and appendages were fixed in 4% paraformaldehyde
Anderson, K., and Waite, J. (1998). A major protein precursor of
for 1 hr at room temperature. After washing three times with PBT,
zebra mussel (Dreissena polymorpha) byssus: deduced sequence
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and significance. Biol. Bull. 194, 150–160.
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conjugated donkey anti-rabbit IgG (Jackson Immunoresearch Labs; 237–240.
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mental signs of the scolopale (glial) cell and neuron comprising the
GFP Visualization and Confocal Microscopy
chordotonal organ in the Drosophila embryo. Glia 19, 269–274.
To visualize GFP-expressing neurons in wing campaniform sensilla,
Chalfie, M., and Au, M. (1989). Genetic control of differentiation ofwings from flies of the genotype MJ94/1; nompA1/nompA2 ; UAS-
the Caenorhabditis elegans touch receptor neurons. Science 243,GFP/1 were excised, dry mounted, and immediately examined un-
1027–1033.der ultraviolet epifluorescence and photographed.
To analyze GFP-NompA expression, tissues and appendages Chalfie, M., and Sulston, J. (1981). Developmental genetics of the
mechanosensory neurons of Caenorhabditis elegans. Dev. Biol. 82,were dissected from GFP-NompA-expressing pupae, mounted in
80% glycerol, and examined and photographed under ultraviolet 358–370.
epifluorescence (Olympus BX60). Tissues doubly or triply labeled Chen, B., Chu, T., Harms, E., Gergen, J.P., and Strickland, S. (1998).
with fluorescent antibodies and GFP-NompA were also examined Mapping of Drosophila mutations using site-specific male recombi-
and imaged by confocal microscopy (Zeiss LSM510) or ultraviolet nation. Genetics 149, 157–163.
epifluorescence. Images were processed in Photoshop (Adobe, ver-
Cheng, J., Macon, K.J., and Volanakis, J.E. (1993). cDNA cloning
sion 4.0).
and characterization of the protein encoded by RD, a gene located
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Transmission Electron Microscopy Biochem. J. 294, 589–593.
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Science 210, 492–498.
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